The TNF-a gene on mouse chromosome MMU17 is among the candidates for the trypanosomosis resistance QTL Tir1. Tir1 has the largest effect of those loci so far detected which influence degree of resistance to murine trypanosomosis caused by Trypanosoma congolense infection. We therefore studied the survival to 180 days after challenge with T. congolense of mice that were homozygous and hemizygous with respect to a disruption of the TNF-a gene on a . 99% C57BL/6 (resistant) background. We also examined the responses of TNF-a hemizygous mice produced by crossing the deletion line with mice of the C57BL/6J strain, and with mice of the susceptible A/J strain. Mice lacking a functional TNF-a gene were shown to be highly susceptible to challenge with T. congolense with a median survival time of 37 days. This was comparable to 71 days for control wild-type mice, and 61 and 111 days for mice of the susceptible A/J and resistant C57BL/6J strains, respectively. In mice of the deletion line, the C57BL/6 TNF-a allele tended to be dominant to the TNF knockout in terms of resistance. We conclude that TNF-a plays an important role in resistance to the effects of T. congolense infection in mice.
INTRODUCTION
The level of resistance to challenge with the intracellular protozoan parasite Trypanosoma congolense varies between inbred mouse strains (1) , and this variation is influenced by several quantitative trait loci (QTL) (2±5). Among these, the QTL with largest effect detected in crosses between the resistant C57BL/6J and susceptible BALB/C and A/J strains is trypanosome infection response 1 (Tir1). Tir1 is located on chromosome MMU17 in the H-2 region.
TNF is one among a number of candidate genes for Tir1 for several reasons. First, the Tir1 locus encompasses the TNF gene in F2 populations (3) while, in advanced intercross populations, the TNF gene falls only marginally outside the Tir1 95% confidence interval (CI) (5) . Second, the influence of TNF-a on the course of several protozoal infections is well documented (6) . Thus, plasma levels of TNF-a have been found to increase during parasitic infections such as malaria (7, 8) and leishmaniasis (9) . In experimental leishmaniasis, TNF-a induces destruction of parasites (10) and exogenous TNF-a protects mice from infection (11) . TNF-a has been associated with parasite control in murine malaria, as well as with induction of anaemia (12) and the pathogenesis associated with the cerebral form of malaria (13) . With reference to trypanosome infections, TNF-a induced by inoculation of mice with T. brucei extracts is associated with parasite control (14) and TNF-a has been reported to have a direct lytic effect on T. brucei (15, 16) , albeit at high levels. Moreover, it has been reported recently that T. brucei-infected TNF-a knockout mice suffer higher levels of parasitaemia than do wild-type mice (although there was no significant difference in survival times between these genotypes) (17) .
We have compared the DNA sequences of the TNF genes of the three inbred mouse strains used to construct the resource populations in which Tir1 was located (18) . No significant DNA sequence variation was observed in coding regions. We subsequently examined a number of polymorphisms in other regions of the TNF gene across additional mouse strains (19, 20) , including some of known resistance/susceptibility to T. congolense infection (21, 22) . These studies demonstrated apparent, although not conclusive associations between the TNF sequence polymorphism of inbred mouse strains and their trypanosomosis response phenotypes.
It therefore remains possible that differences in T. congolense infection response phenotypes may be partly determined by differences in levels of expression of TNF in inbred mouse strains. This is based on first, the nature of the genetic polymorphisms which have been described in the TNF gene (23) , and their location in regions of the gene which are believed to influence expression (19,24±27); second, on the fact that murine TNF-a is capable of lysis of trypanosomes (15, 16) ; and third on the association of TNF-a with control of numbers of T. brucei parasites (14, 17) .
Here, we provide further insights into the role of TNF-a in resistance to T. congolense infection of mice, with a report of a comparison of the responses to infection of TNF knockout mice with those of wild-type mice with several background genotypes.
MATERIALS AND METHODS

Mouse strains
The development of the TNF-a deficient line used in these studies has been described previously (28) . In brief, the TNF-a gene was disrupted by homologous recombination in F1 C57BL/6 Â CBA embryo stem cells (ESC), with allele disruption occurring on the C57BL/6 haplotype (originally derived from Charles River Laboratory stock, Wilmington, MA, USA). TNF knockout cells were injected into C57BL/6J blastocysts and one of the chimaeric animals produced was bred with mice of the C57BL/6J strain. Offspring carrying the disrupted allele of C57BL/6 origin were identified by genotyping at the TNF locus (see below). These first backcross TNF-a-mutant mice constituted a G1 population. Four further rounds of backcrossing to the C57BL/6J strain were undertaken to produce a G 5 population. Standard tests in intercross mice that were homozygous for the TNF disruption revealed no evidence of TNF-a production (28) . This development work was conducted in the National Institute for Animal Health, Tsukuba, Japan, following which, G 5 mice were transferred to the International Livestock Research Institute (ILRI), Nairobi, Kenya, where further mouse breeding and challenge studies were conducted.
Following a further backcross to the ILRI stock of C57BL/6J mice, the resulting G6 TNF hemizygous (1/±) mice were intercrossed, and also crossed with normal mice of the C57BL/6J and A/J strains to produce the populations for study. The different populations and their TNF genotypes are listed in Table 1 . The trypanosomosis resistant C57BL/6J and susceptible A/J mouse strains used at ILRI were purchased from Harlan, UK (Shaws Farm, Blackthorn, Bicester, Oxon, UK).
Mice of appropriate genotype were selected for experimentation at weaning at 3 weeks of age, and housed in single-sex cages of five animals of the same strain until challenge at 12 weeks of age. Twenty males and 20 females of each genotype were taken for experimentation.
TNF genotyping
High molecular weight genomic DNA (gDNA) was prepared from tails by a conventional phenol-chloroform extraction method (29) . Polymerase chain reaction (PCR) amplifications from gDNA samples were performed with the following primers: primer 1: 5 H -ATACCAGGGTTTGA GCTCAG-3 H ; primer 2: 5 H -TACTTTGTTAAGAAGGGT GAGA-3 H ; and primer 3: 5 H -AGATGGAGAAGGGCAGT TAG-3 H . Primers 1 and 2 amplify an 800-bp product from wildtype gDNA, while primers 1 and 3 amplify a 500-bp product from gDNA containing a disrupted TNF-a allele. Amplifications were performed in reactions containing all three primers. Reactions were in 25 mL volumes containing 50 ng of gDNA, 1 Â Taq buffer (10 mm Tris-HCL, pH 8´3, 1´5 mm MgCl 2 , and 0´001% gelatin), 250 mm each dATP, dGTP, dCTP and dTTP (Amersham International, Bucks, UK), 4 ng of each primer, and 2´5 U of Taq DNA polymerase (Promega, Madison, WI, USA). Reaction mixtures were overlaid with mineral oil and amplifications were carried out in a Biometra thermocycler (Biometra Ltd, Kent, UK). Thermocycling was as follows: initial denaturation for 5 min at 958C, 1 min annealing at 588C, 3 min C57BL/6 homozygous wild-type G61/1 C57BL/6 homozygous wild-type G61/± C57BL/6 hemizygous G6±/± Homozygous deletion G61/AJ C57BL/6 1 A/J G6-/AJ A/J hemizygous G61/C57BL/6J C57BL/6 homozygous wild-type G6±/C57BL/6J C57BL/6 hemizygous extension at 728C and 1 min denaturation at 948C. The last three steps were repeated 36 times and were followed with a final extension at 728C for 10 min. Following PCR amplification, 20 ml aliquots of each PCR reaction were loaded onto 2% (w/v) agarose gels and electrophoresed in 1 Â TBE.
T. congolense challenge
On day 0, each of 40 mice of each population listed in Table 1 was challenged with 1 Â 10 4 T. congolense clone IL1180 in phosphate buffered saline (pH 8´0) by intraperitoneal injection. Blood samples were obtained by tail snip at 5±10 days postchallenge, and wet smears were prepared for estimation of parasitaemia. Only mice confirmed to be infected provided data for subsequent analysis.
The experiment was terminated at 180 days postchallenge, when all surviving mice were found to be aparasitaemic on the basis of examination of tail tip blood smears, as above.
Statistical analysis
Survival analysis (30) was applied to the records of days to death. This methodology is appropriate for these data because survival data are generally not symmetrically distributed. Furthermore, some mice survived to the end of the challenge period, creating events for which survival analysis is suited.
Simple summary statistics in the form of Kaplan±Meier estimates (30) of median survival time for each population were first derived using the lifetest procedure of SAS (31) . These estimates do not assume any particular survival pattern.
Survival time was further modelled under the assumption of a Weibull distribution for the hazard function h(t) lgt g21 for 0 # t , 1 where l is defined as a scale parameter and g as a shape parameter (30) . The hazard function is the probability that an individual mouse dies at time t, conditional on it having survived to that time. The Weibull distribution is a commonly assumed distribution for survival data when the probability of a subject dying at time t is not constant over time. A log-linear model: log T ijk m 1 p i 1 s j 1 (ps) ij 1 se ijk was fitted using the lifereg procedure of SAS (31) to determine the relative hazards for different populations, where: T ijk survival time (days) for mouse k within sex j within population i, m intercept ( ±slog l), p i (i 1, ¼, 9) effect of population i with p I set to 0 for A/J population, s j (j 1,2) effect of sex j, (ps) ij interaction between population and sex, s inverse of scale parameter l, and e ijk residual.
Hazard ratios h i (t)/h 1 (t) were calculated as exp(±p i /s) to give the hazards of each population relative to C57BL/6J and, in some cases, to other populations. Under the Weibull distribution, these are assumed proportional throughout the range that deaths occurred. Approximately linear and parallel log-cumulative hazard plots against log of survival time occurred for each population-sex except for A/J males and females. This uneven survival pattern for A/J mice is discussed. Cage effects within populations were found not to be significant, and were not included in the model.
All probabilities referred to are for comparisons of relative hazards determined from the log-linear model.
RESULTS
Three hundred and fifty-seven mice were challenged with T. congolense. Eight mice died between days 2 and 11, before their infection status could be established, and five mice were confirmed parasitaemic but lost during the experiment. These mice were not included in the analyses. A further 35 mice not found to be parasitaemic between days 5 and 10 were also eliminated from the study. Table 2 provides simple summary statistics of the median survival time for males and females for each of the populations. Figure 1 illustrates the kinetics of the responses of the different mouse populations C57BL/6, A/J, G61/1 and G6±/± (Table 1) in terms of proportion surviving at various times after challenge with T. congolense clone IL1180. The figure demonstrates the exceptional survival pattern for A/J mice. Ten A/J mice died between days 10 and 13 postinfection, with the next death occurring at day 43. Averaged over all strains, the median number of days to death was 70 days for males and 80 days for females. However, there was a statistically significant strain by sex interaction (P , 0´01), driven primarily by large sex differences in the G61/C57BL/6J and G6±/C57BL/6J populations (medians of 67 versus 132 days (P , 0´01) and 65 versus 94 days Table 2 . (P , 0´001), for males versus females for the two populations, respectively) ( Table 2) . Differences in survival time between males and females in all other populations were not significant. Averaged over both sexes, mice of the reference A/J and C57BL/6J populations showed a difference in median survival time of 50 days (61 versus 111 days). The average hazard for the A/J population relative to the C57BL/6J population (i.e. the average probability of an individual in the former population relative to the latter dying at time t, conditional on the mouse having survived to that time), was 8´7 (95% CI 5´4±14´0) (P , 0´001) (Table 3) . Thus, on average, and ignoring the uneven survival pattern shown in Figure 1 , an infected A/J mouse was approximately nine times more likely to succumb to infection each day postchallenge than an infected C57BL/6J mouse. (Analysis of these data without the 10 A/J mice that died between days 10 and 13 results in a relative hazard of 7´7.)
With three exceptions, all other strains showed survival times between those of the reference inbred strains. The first exception was the G6±/± strain with a median survival time of 37 days. The hazard relative to the A/J strain was 4´2 (95% CI 2´6±6´9) (P , 0´001). Thus, the average probability of a G6±/± mouse dying at time t, given the 
a Relative hazard exp( ±p i /s). b Without the 10 A/J mice that died by day 13 ( Figure 1 ) the relative hazard was 7´7 (95% confidence interval 4´8± 12´4).
c Ignoring the sex interaction for these two populations (Table 2) .
mouse had survived to that time, was more than four times that for a corresponding A/J mouse. (Without the 10 early deaths for the A/J mice, this probability increased to seven times.) These two populations, together with the G61/± population, were the only ones in which all mice succumbed to infection. The second exception was the G61/AJ strain, for which the median survival time of 111 days was the same as that for the C57BL/6J strain. The third exception was for female G61/C57BL/6J mice, which also carried two copies of the C57BL/6 TNF gene, and which had a median survival time of 132 days. The survival time for male G61/C57BL/6J mice, however, was one-half as long as that for females ( Table 2 ). The differences between the longer median survival times of the G61/1(71 days) and G61/± (70 days) populations on the one hand, and the shorter median survival time of the G6±/± population (37 days) were highly significant (P , 0´001). The relative hazards in these comparisons were 0´12 and 0´18, respectively.
There were no significant differences in median survival time between the TNF-a homozygous and hemizygous G6 populations (G61/1 and G61/±, respectively), but survival time for the G61/AJ population was significantly longer than for the G6±/AJ population (111 versus 92 days, P , 0´01). There was also a significant difference in mean survival time between TNF dizygous and hemizygous females in the populations produced by crossing G6 mice with C57BL/6J mice (132 versus 94 days, P , 0´05), but not in males.
There were differences in median survival times between the G61/1 population and the two other populations which were equivalent in terms of TNF genotoype (G61/1 versus C57BL/6J, 71 versus 111 days, P , 0´001, and G61/1 versus G61/C57BL/6J, 71 versus 92 days, P , 0´001). However, there was no significant difference in survival times between the G61/± population and the G6±/C57BL/ 6J population (70 and 69 days, respectively).
DISCUSSION
The responses to the challenge of the reference resistant C57BL/6J and reference susceptible A/J populations were as expected. The difference of 50 days in median survival time in the study reported here compares with a difference in mean survival time of 58 days for these strains when given an identical challenge in our labouratory on a previous occasion (3). The reason for the uneven pattern in survival of A/J mice challenged with T. congolense is not clear, although it suggests extreme susceptibility of this genotype to the consequences of the first stages of parasitaemia.
Although the research we report was undertaken primarily to examine the effect of the TNF gene in terms of resistance to T. congolense infection in mice, this must be viewed through apparent sex effects revealed in some of the populations we studied. In general terms, female mice of the C57BL/6J population maintained in the ILRI laboratory, and of the two other populations derived from them (G61/C57BL/6J and G6±/C57BL/6J), tended to be more resistant to the challenge than male mice. However, this difference was not statistically significant within the C57BL/6J population. Interestingly, although not reaching statistical significance, there was a tendency to a reversed sex ranking in the susceptible A/J and derived populations.
The observation that G61/A/J mice, despite carrying 50% A/J (susceptible strain) genes, were as resistant to the challenge as mice of the resistant C57BL/6J strain, was expected. This hybrid vigour in terms of resistance to T. congolense infection has been observed consistently in C57BL/6J Â A/J F1 mice in our labouratory (A. Teale, F. Iraqi and S. Kemp, unpublished data). We interpret the hybrid vigour to mean that both inbred strains probably carry deleterious alleles for resistance to T. congolense trypanosomosis.
Before considering effects of TNF deletion per se, the fact that the G61/1 population, while significantly more resistant than the A/J population, was less resistant to the challenge than the C57BL/6J reference population, should be examined. There are two possible reasons for this. First, the G61/1 strain is expected to carry a small proportion (0´8%) of CBA genes, and CBA mice have been reported to be susceptible to T. congolense infection (1) . For this to explain the difference would, however, imply that one or more CBA genes conferring extreme susceptibility were retained through the backcrossing process. Without excluding this possibility, a second explanation derives from the fact that there may have been differences between the C57BL/6 genes of the G6 populations and those of the ILRI stock of C57BL/6J mice. This is indeed possible, given that the C57BL/6 genes in the F1 ESC line in which the TNF deletion was obtained had their origin in Charles River Laboratory C57BL/6 stock, whereas the ILRI C57BL/6 stock was of recent Jackson Laboratory (Bar Harbor, ME, USA) origin. However, as C57BL/6J mice were used in all backcrossings in development of the deletion line, any Charles River genes, similar to CBA genes, would be expected to account for only a small proportion (, 0´8%) of the total gene complement in the G6 population.
An additional factor which may have contributed to the difference in mean survival time between the G61/1 and C57BL/6J populations was the sex effect, already referred to, giving a survival advantage to female mice of the ILRI C57BL/6J stock. These points aside, our results clearly demonstrate that mice are rendered highly susceptible to T. congolense infection by homozygous disruption of the TNF gene. The relative hazard (by reference to the C57BL/6J strain) was more than nine times greater for G6±/± mice than for G61/1 mice. The difference in median survival time between the G6±/± and G61/1 mice was 34 days (P , 0´001), which is comparable to the observed difference in median survival times between A/J and C57BL/6J mice of 50 days. [Although not of any implied significance, it is interesting to note that it also compares with an estimated survival value of the C57BL/6J Tir1 allele compared to the A/J Tir1 allele, of approximately 30 days in intercrosses between these two strains (3) .]
These data can be interpreted in two ways. First, although loss of function of the TNF gene has a major effect on survival time, the effect is no greater than, and probably less than, the difference between reference inbred strains. This would be consistent with the fact that at least three genes account for almost all of the genetic variance in survival time in C57BL/6J Â A/J intercross populations following challenge with the same clone of T. congolense used here (3) . By extension of this interpretation, TNF could indeed be the major trypanosomosis resistance gene at the Tir1 locus.
An alternative view derives from the fact that the greater difference in survival times between reference strains than between different G6 populations could be ascribed to the greater susceptibility of the G61/1 mice to the challenge than the C57BL/6J mice (discussed above). More importantly for this interpretation, the G6±/± population, which had the shortest survival time of all populations studied, was more susceptible than the reference A/J population. It can therefore be hypothesized that loss of TNF-a abrogates all expression of resistance due to variation at QTLs. In this view, TNF is a resistance-permitting gene rather than a gene responsible for part of the difference in resistance between the C57BL/6J and A/J strains (i.e. this interpretation defines an epistatic relationship between TNF and the Tir genes).
Any evidence that the C57BL/6J and A/J TNF alleles might have different values in terms of survival would tend to support the view that TNF could be Tir1 per se, rather than simply a prerequisite for trypanosomosis resistance QTL function. In this regard, however, there is no evidence that a copy of the C57BL/6J gene had more effect in the G6 crosses with the A/J strain than in the G6 crosses with the C57BL/6J strain. Thus, median survival times for the G61/A/J and G6±/A/J populations were 111 and 92 days, respectively (P , 0´05). The difference was similar to that between the G61/C57BL/6J and G6±/C57BL/6J populations (92 and 69 days, respectively (P , 0´001).
In further consideration of TNF gene dose effects in dizygous versus hemizygous populations, this clearly varied with the populations studied. While there was no apparent effect in G6 populations, there was a significant effect in the G6/AJ populations (both sexes). There was also a gene dose effect in the G6/C57BL/6J populations, but in this case only in females. These results may reflect several possibilities. First, a single copy of the TNF gene may have greater value in mice in which 50% of the background is of susceptible strain origin. Second, it is possible that two copies of the TNF gene are required for the heterosis effect in the T. congolense resistance trait to be fully expressed. Third, a relatively long survival time may be required for the value of a second copy of the TNF gene to become apparent.
Finally, our findings should be compared with those obtained in a study reported recently (17) of the effect of loss of TNF-a on resistance to T. brucei infection. Magez and colleagues similarly examined the effect of TNF gene disruption and, importantly, the deletion line they studied had the same origin as the G6 mice used in our study. There is a clear difference in the responses of the TNF-a deficient line to the two related disease challenges. In the case of T. brucei challenge, loss of TNF-a expression had no significant effect on survival, although levels of parasitaemia were significantly higher in TNF-a deficient mice than in normal mice (17) . We consider that the differences in effect of loss of TNF-a on survival times in the two studies is a reflection of the fact that the trypanosomoses caused by T. brucei and T. congolense in mice are two distinct disease syndromes. It is perhaps significant that the survival times of mice in the T. brucei study were much shorter than those in our T. congolense study. While, as suggested by the results of the T. brucei study, TNF-a may function to control levels of parasitaemia, it is possible that this effect has greater survival advantage in more chronic disease. Our observations referred to above on the greater effect of a second TNF gene in the longer surviving populations, is also consistent with this hypothesis.
In conclusion, the results of our study of the effect of TNF gene disruption demonstrate a key role for TNF-a in resistance to T. congolense infection in laboratory mice. The gene dose effects we observed, while not conclusive, are consistent with this role involving control of the parasite. However, currently, other interpretations have equal credibility. With respect to the relationship between TNF and the Tir1 QTL, no effect of TNF gene disruption on the T. congolense response phenotype would exclude TNF as a candidate for the gene at the Tir1 locus. Therefore, solely on the basis of the observations we report here, TNF would remain a Tir1 candidate. However, it is equally possible that the significance of the TNF gene for murine response to T. congolense infection derives from the fact that its product, while not controlling variation per se, is required for variation between mouse strains to be expressed. We expect that further refinement of the positioning of Tir1, and ongoing analysis of the Tir1 region, will shed light on this matter in the near future.
